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Discovery of the neutrinoless double beta decay would tell us that 
neutrinos are massive Majorana fermions. It would be a big step 
in the development of the New Standard Model. 
 
Thus many people (and large amount of effort and money) is spent 
to search for the 0νββ decay. It involves a number of issues, besides 
the obvious difficulty of the experiments. 
 
The theoretical issues are of two kinds. a) What is the physics of the  
decay? What beyond the Standard Model physics is involved? 
b) How to describe the nuclear physics involving the transformation 
of two neutrons bound in the ground state of the parent into two 
protons bound in the ground state of granddaughter?     
 
I will restrict myself to b). And I will worry only about the simplest  
neutrino mass mechamism, where 
 
(T1/2

0ν)-1 = G0ν(E0,Z) | M0ν|2 <mν>2 
 
This has the advantage that it is possible to compare different  
experiments on different nuclei. 



Historically, there are 
 > 100 experimental 
limits  on T1/2 of the 
0νββ decay. 
Here are the records 
expressed as limits on 
<mββ> using one set 
of nuclear matrix  
elements (RQRPA of 
Simkovic et al. 2009.) 
Note the approximate 
linear slope vs time 
on such semilog plot. 
However, during the 
last decade the 
complexity and cost 
of such experiments 
increased dramatically. 
The constant slope is 
no longer maintained. 



What do we know? The allowed 2νββ decay has been observed 
in almost all important nuclei. The corresponding matrix element 
can be extracted from the halflife. 

MeV-‐1	  

In anticipation of 
using the effective 
gA value. 



0νββ nuclear matrix element	


Neutrino potential 

fGT = j0(q r12)    
 and hGT = gA(q2) σ τ 
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Electric quadrupole effects in single-particle configurations {Table 3-2) 
The available evidence On E2 moments and transit ion probabilities for 

single-particle (and single-hole) configurations (j and j'1) is summarized in 
Table 3-2. The single-particle estimates Qsp and Bsp(E2) refer to a single p ro ton 

• (or p ro ton hole) and are obtained from Eqs. (3.27) and (3.32). 

(a) Quadrupole moments 

Nucleus lj g o b s ( 1 0 - 2 4 cm2) 2 s p ( 1 0 - 2 4 cm2) 

1 9 J V 
2 0 9 R : 

8 3 B l 

d5/2 
" 3 / 2 

hg/2 

- 0 . 0 2 6 
0.09 

- 0 . 4 

- 0 . 0 6 6 
- 0 . 0 5 2 
- 0 . 2 6 

0.40 
1.8 
1.6 

(b) is2-transition probabilit ies 

Nucleus {lj)f B(E2)obs(e2fm4) B(E2)Sf(eW) 

P3/2 Pin 7.4 4.6 1.3 
X870 Sl/2 ds/2 6.3 35 0.42 
lV? Sl/2 d5/2 64 43 1.2 

P3/2 fl/2 66 40 1.3 
2 ] O C P3/2 fl/2 110 40 1.7 

2 0 7 p h 
8 2 r D fs/2 Pi 12 70 81 0.9 
8 2 r D P3/2 Pl/2 80 110 0.85 

2 0 9 p u 
8 2 r D Sl/2 d5/2 150 866 0.42 

2 0 9 r > : 
8 3 t i l fl/2 hg/2 40 + 20 2.3 4 + 1 . 5 

Table 3-2 The experimental values of the quadrupole moments are from 
the compilation of Lindgren (1965). The B(E2) values are taken from the 
following references: for 15N, from G. A. Beer, P. Brix, H.-G. Clerc, and 
B. Laube, Phys. Letters 26B, 506 (1968); for 1 7 0 and 1 7F, from J. A. Becker 
and D. H. Wilkinson, Phys. Rev. 134B, 1200 (1964); for 41Ca, from P. P. 
Singh, R. E. Segel, R. H. Siemssen, S. Baker, and A. E. Blaugrund, Phys. 
Rev. 158, 1063 (1967); for 41Sc and 41Ca, from D. H. Youngblood, J. P. 
Aldridge, and C. M. Class, Phys. Letters 18, 291 (1965); for 2 0 7Pb and 209Bi, 
from D. S. Andreev, Ju. P. Gangrskij, I. Ch. Lemberg, and V. A. Nabicvrizvili, 
Izv. Akad. Nauk. 29, 2231 (1965) and references quoted in this article, and 
from H. J. Korner, K. Auerbach, J. Braunsfurth, and E. Gerdau, Nuclear Phys. 
86, 395 (1966); for 2 0 9 Pb , from P. Sailing, Phys. Letters 17, 139 (1965). 

From Bohr-Mottelson I (1969) 
 
   effective charges for E2 
   single-particle transitions. 
 
    For the E1 suppressed low 
    energy transitions the  
    effective charges are very 
    different  
    eeff = -e/2(τz – (N-Z)/A)(1 + χ)	

      
    where χ ~ 0.7 describe the 
    coupling to the giant dipole 
    resonance. 



Quenching of GT matrix elements deduced from the β decay 
of the sd shell nuclei (A = 17-39). Comparison between the calculated 
and experimental strength. Typical reduction ~0.77. 
(from Brown & Wildenthal, Ann.Rev.Nucl. Part.Sci.38,(1988)29)  quenching factors 

q = gA
eff/gA 

q = 0.744 ± 0.015 pf 
q = 0.77 ± 0.02 sd 
q = 0.82 ± 0.02 p 



Matrix elements scaled by 1/(N-Z)1/2                        Square root of the sum of squares of m.e.  

Quenching of ordinary GT β decay matrix elements in the pf shell (A = 41-50) 
From G. Martinez-Pinedo et al., Phys. Rev. C53, R2602 (1996). 



Illustration of capabilities of NSM (Nowacki 2004) to describe ordinary β decay	

in heavier nuclei. The total quenching in this case q = 0.42 i.e. gA ~ 0.54 (instead 
of 1.27) 

Ordinary β decay, 
GT transitions, 
well described  
with renormalization 
(quenching) 
by an additional 
factor ~0.57 as 
compared to lighter 
nuclei where the 
sum rule is obeyed. 
 
 



From E. Caurier, F. Nowacki and A. Poves, Phys. Lett. B711, 62 (2012) 

Note that in the IBM-2 model even more substantial quenching, q = 0.35-0.71 is obtained, 
both for the ordinary β decay and for 2νββ. 
 
In M. Horoi and B.A.Brown, arXiv:1301.0256 more single-particle states were 
included, so that the Ikeda sum rule was obeyed. For 136Xe 2ν matrix element 
the M2ν = 0.020 MeV-1 was then obtained with quenching q=0.74. So, the inclusion 
of spin-orbit partners reduces the quenching value to more acceptable values.  
 

Since the 2νββ decay is nothing else than two GT transitions, similar quenching 
appears when the 2νββ rate is calculated in the shell model 



Muon capture on nuclei, 
µ- + (Z,A) -> νµ + (Z-1, A). 
 
Calculation using RPA 
(see N. Zinner, K.Langanke and 
P. Vogel, Phys. Rev. C74, 024326(2006)) 
 
This process is dominated 
by dipole transitions. And 
the momentum transfer is 
q ~ mµ ~ 100 MeV. 
No quenching is required. 
In fact, using gA = 1.0 
would underestimate the 
rate by ~0.75. 
	  

Ratio for gA = 1.0 

What about weak processes with other multipolarities, e.g. forbidden 
β decays or µ capture? Are they quenched?	




Comparison of the calculated and experimental matrix elements for the 
full set of all known unique second forbidden β decays, |ΔI| = 3, Δπ = no 
(see G. Martinez-Pinedo and P. Vogel, Phys. Rev. Lett.81, 282(1998). 
 
The average quenching factor is ~0.8; but ratios are not constant 



The crucial question: Is the quenching needed in 0νββ?	

	

Warning: If quenching of q=0.45 is needed, the <mββ> 
           sensitivity is reduced by q2 = 0.2, i.e. 5 times. 

Remember, in 2νββ only intermediate 1+ states participate and the  
momentum transfer q ~ few MeV. 
In 0νββ many multipoles contribute and q ~ 100-200 MeV. So the  
answer to that question is not straightforward. 
 



Multipole decomposition of the 0νββ matrix 
elements evaluated in QRPA. The 
contribution of 1+ is not in QRPA dominant. 
 
Below is the analogous decomposition for 
82Se evaluated in the shell model by  
Sen’kov, Horoi and Brown (1402.5184) 
  



What causes the quenching, or renormalization of gA ? 
 
The answer is not simple. It could be missing correlations 
in the nuclear wave functions, or single-particle model 
truncation, or the renormalization of the Gamow-Teller 
operator, including the inclusion of the two-body currents. 
 
I will discuss in the following the issue of the two-body 
currents. 
 
See: Menendez, Gazit, Schwenk, PRL107,062501(2011); 
Klos, Menendez, Gazit, Schwenk, PRC89,029901(2013); 
Engel, Simkovic, Vogel, PRC89, 064308(2014); 
Ekstrom et al, arXiv:1406.4696 



There is an intimate relation between the one-body axial weak 
current and the one pion exchange potential, represented by the 
Goldberger-Treiman relation 
 
    gA = gπNN Fπ /MN   (gA = 1.27, gπNN = 13.05, Fπ = 92.4 MeV). 
 
 
Also, there should be analogous relation between the two-body 
currents and the three-nucleon forces. 
(Menendez, Gazit, Schwenk, PRL 107, 062501(2011).) 

In chiral EFT the coupling constants cD, c3, c4 appear in both. 



In chiral EFT to order Q3 the dominant 2b weak currents are 

Using cD /gA Λχ = d1 + 2d2 , skipping the last term and taking  
Fermi gas approximation for summing over the core nucleons 

Where ρ is the density, and I(ρ,P) is the result of the sum 
of the exchange term (P2 = 6kF

2/5, but P=0 is a good approximation) 



For completeness, here is the formula for I(ρ,P) 

The effect of the two-body currents can be then captured by defining 

If we would know the values of cD, c3 and 2c4 – c3 we could check whether 
the formula gives something similar to the empirical quenching. 
Note that in Klos et al. PRC 89, 029901 (2013) some of the  
approximations are avoided and more complicated formulae, including 
the renormalization of gP are given.   



The constants c3 and c4 in χEFT are optimized to the nucleon-nucleon 
scattering data, and to deuteron observables, giving c3 = -3.89 and 
2c4 – c3 = 12.51 GeV-1.  The dimensionless cD is then obtained from the A=3 
binding energy and triton lifetime. That gives cD << 1. Ekstrom et al, arXiv:1406.4696 
 
 

In Menendez et al, various 
sets of c3 and c4 are 
quoted, the extremes 
(for cD = 0) are 
c3 = -3.2, 2c4 – c3 = 14.0  
resulting in q=0.66-0.72 
and 
c3 = -2.4, 2c4 – c3 = 7.2 
resulting in q=0.82-0.85 . 
 
In Engel et al. we used these 
values to evaluate the 
0νββ matrix elements 
in QRPA.   
  



Since gA
eff depends on momentum transfer, we need to know which  

momenta p contribute to M0ν. This example is for 136Xe. 
Note that the <p2>1/2 here is 15%-20% larger here than in the SM.   

1bd only 

Range when 2bd are 
included, <p2>1/2 = 225 MeV  



In Engel, Simkovic, Vogel, PRC89,064308(2014) we used the chiral 
two-body currents in the QRPA to evaluate M0ν.	

	

We anticipated that the effect of 2bd currents (i.e. quenching) 
will be less in M0ν than in M2ν  for several reasons. 
 
1)  The momentum dependence in the gA

eff (p2) will make  
      gA

eff (p = 200 MeV) > gA
eff (p = 0) 

2)  In QRPA we adjust the strength of the interaction gpp
T=0 

         so that the experimental value of  M2ν is reproduced. 
      That compensation should, at least partly, carry over 
       to the M0ν. 
3)  M0ν  contains also Fermi part, unlike M2ν. We assume that 
      there is no quenching in the Fermi part, due to CVC.	
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Illustration of the effect of the gpp
T=0 renormalization in QRPA 

on the M2ν and M2ν. This is for 76Ge. 
Red lines 1bd currents only,Blue lines with 2bd currents included 
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Empty symbols – 1bd currents only 
Filled symbols – average (with spread) of the results with 2bd currents included 
The typical quenching of M0ν is ~ 20%, considerably less than for M2ν (40% - 50%) 
It is also somewhat less than in the shell model evaluation of Menendez et al.    



Note that the total GT strength, the sum of squares of m.e. 
over all final states is constrained by the model independent 
Ikeda sum rule 
 
S(β-) – S(β+) = 3(N-Z) , i.e. S(β-) > 3(N-Z) 
 
Here S(β-) = <g.s.| O✝GT  OGT  |g.s>  etc.

The sum rule is valid as long as the nucleus is made of the 
nucleons only and the operator is a one-body operator στ	

	

Experimentally, the Ikeda sum rule was tested (indirectly) 
by the (p,n) reaction at 00 and energy where the charge 
exchange reaction populates dominantly the spin excitations. 
Adding the strength up to 50 MeV for 90Zr(p,n) reaction 
the Ikeda sum rule was satisfied to 0.90 ± 0.05. 
(Wakasa et al. , PRC55,2909(1997), later confirmed) 
 



Recall that the (p,n) experiment on 90Zr finds the Ikeda sum rule 
fulfilled to 90±5%. This was obtained from S(β-) = 28.0±1.6 as 
measured and S(β+) = 1.0 ± 0.3 from the (n,p) experiment.  
This rather small quenching is in agreement with the 2bc evaluation 
for 14C and 22,24O by Ekstrom et al. but not in agreement with the 
2bc included gA

eff of Menendez and Klos.  
 
However,the experimental B(GT) for β+ for 90Zr got no contribution  
after Eext = 11 MeV, while B(GT) for β- got ~ 10 units above the tail 
of the giant resonance, Eext > 15 MeV. 
This high excitation energy B(GT) must come from correlations not 
included in the shell model. Is it reasonable that at the same energies 
the  β+ strength is completely missing? If such strength exists, 
than the quenching  derived from the Ikeda sum rule can be more 
pronounced.     

How much quenching can be attributed to the 2bc? 



Summary 
 
1)  The M0ν matrix elements are reduced by only ~20% in QRPA 
       when the 2-body currents are included using the formalism 
       of Menendez et al. 
2)  The same approach gives basically correct empirical quenching 
       in the normal β decay and in M2ν, provided the full oscillator 
       shell is included. 
3)  However, the corresponding reduction of the Ikeda sum rule 
       was not confirmed experimentally in the case of 90Zr. 
4)  Also, evaluation of the quenching due to the 2bc in 14C and 22,24O 
      by Ekstrom et al. did not show a substantial quenching.  



Isospin conservation and the Fermi 2ν and 0ν matrix elements 

In the 2νββ decay there are formally both GT and Fermi matrix elements. 
However, since the state |i> 
has isospin T = (N – Z)/2 
and |f> has isospin (N-Z-4)/2, 
while Στ+ can change only 
isospin projection, it must be 
MF

2ν  = 0 ; 
the Fermi 2ν matrix element 
must vanish.	


That is indeed the case in the shell model, where the isospin conservation is valid 
by construction, but it is not the case in the IBM-2, GCM, PHFB, and older 
versions of QRPA, where isospin is not conserved. 
 
In fact, in these models the M2ν

F is of 
similar magnitude as M2ν

GT. See e.g. Table XV of  
Barea, Kotila and Iachello,  PRC87, 014315(2013) . 
 

Nucleus    M2ν
F        M2ν

GT 
48Ca          -1.08     1.57 

76Ge         -2.69     4.34 
82Se         -2.39     3.50 
130Te        -1.79      3.31 
136Xe        -1.44      2.76 

Question: How to correct it? And does it affect the 0ν rate?  
	  



Where the isospin violation comes from? 
 
In QRPA, IBM-2, GCM, PHFB one begins with inclusion of the 
neutron-neutron and proton-proton pairing interaction 
i.e., particle-particle isovector.. The neutron-proton interaction  
is not taken into account at this stage. 
 
In QRPA the isovector n-p interaction is included, but the interaction 
strength was not correlated initially with the pairing interaction, 
instead the n-p isovector and isoscalar couplings were assumed identical. 
 
By choosing the gT=1

pp = gpairing the condition   MF
2ν  = 0  is automatically 

fulfilled. At the same time, the M2ν
GT and hence also T2ν

1/2 are unchanged. 
Thus, no new parameters are introduced.  
(see Simkovic et al., PRC87, 045501(2013);arXiv:1302.1509). 
 
This adjustment, however, also reduces the value of M0ν

F and thus of T0ν
1/2 

 



When isospin violation is (partially) restored by choosing the isovector 
interaction consistently, the M0ν

F are reduced considerably, and the full 
M0ν  by ~10-20%. The ratio M0ν

F/M0ν
GT in QRPA becomes similar to NSM.  


